The recent resurgence of growth studies has indicated technological activities and knowledge spillovers as one of the most important factors in determining the performance of the economic systems. However, only few empirical studies have tried to analyse the flows of technology across regional economies due to the lack of adequate indicators. In this paper we propose new evidence on the characteristics of knowledge spillovers across the European regions based on a database on patents citations developed at the NBER . The data refers to patents granted by the US patent office to European firms over the period 1978-1997. First, we have assigned each patent to 147 European regions according to the place of residence of the first inventor. Then, we have examined in-and out-flows of patent citations as proxy of knowledge spillovers. In order to asses both the spatial and network characteristics of these flows we have tried to combine methodological instruments developed within the Social Network Analysis and the Geographical Information Systems. Our analysis shows the huge differences that exist among high tech and traditional sectors in the complexity of technological networks and in the geographical distribution of knowledge flows.
Introduction 1
Technological activities and knowledge spillovers are considered one of the most important factors in determining the performance of the economic systems. More specifically, in the last two decades greater attention has been devoted to the geographical dimension of the mechanisms of creation and diffusion of technology and most studies have emphasized the local and cumulative nature of the technology spillovers.
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Starting from the seminal paper by Griliches (1979) , several studies have tried to explore the characteristics of R&D spillovers and their role in the process of creation of new knowledge. However, the empirical investigation of technology flows across regional economies has suffered from the lack of adequate indicators. As a matter of fact, Krugman (1991) stressed that knowledge flows are invisible and cannot be measured and tracked. This view has been opposed by Jaffe et al (1993) which suggested that indeed knowledge flows may leave a "paper trial", in the form of patent citations, which can be measured and used to obtain information on the geographical component of the innovation spillover mechanism. Other studies [Rallet and Torre (1999) , Paci and Usai (1999) , Maskell and Malmberg (1999) ], using different methodologies, have emphasized the local nature of knowledge diffusion which is difficult to transmit across space. 3 Spatial proximity encourages firms to interact and to share information and thus it helps the process of knowledge transmission.
In this paper we propose new evidence on the characteristics of knowledge spillovers, proxied by in-and out-flows of patent citations, across the European regions. 4 In order to asses both the spatial and network characteristics of these flows we have tried to combine methodological instruments developed within the Social Network Analysis (SNA) and the Geographical Information Systems (GIS) techniques. Social Network Analysis, developed to study social relationships and networks (Scott, 1991) can be seen as a useful instrument to be applied also to economic relationships and it has already been used in the analysis of scientific citations (Balconi et al, 2002) . The SNA allows to measure the main characteristics of a network and therefore to address crucial aspects of the debate on localised technological spillovers. For instance, the evaluation of the centre -periphery models and the detection of a core of regions characterised by a high degree of technology exchanges. A second goal of the paper is to investigate the differences across industrial sectors with respect to the characteristics of technological networks and knowledge flows. Our assumption is that geographical proximity helps the technological spillovers in traditional sectors where knowledge is more tacit and uncodified. While, in high tech sectors the exchange of codified and standardised knowledge can take place even among firms located in remote regions. The paper is based on the database on citations recently developed at NBER by Hall et al. (2001) based on patents granted to European countries by the United States Patent and Trademark Office (USPTO) over the period . The paper is organised as follows. In section 2 the dataset on patents and citations is presented together with a descriptive analysis of their distribution at the country level and at the regional level for the three selected sectors. The basic concepts of the Social Networks Analysis are discussed in section 3. The application of the network analysis to the technological networks in the shoes, drugs and computer sectors is presented in sections 4. Some concluding comments are in section 5.
Patents and citations in Europe

The NBER database
This paper makes use of the dataset developed at NBER by Hall, Jaffe and Trajtenberg on patents granted in the USA by the United States Patent Office (USPTO) over the period 1978-1997. 5 The debate on the pros and cons of patents as indicator of technological activity is a long standing one (see, among others, Pavitt, 1982 and Griliches, 1990) ; however a full assessment of this issue is beyond the aim of the present paper. In general, patents are very useful for economic research since they provide information: (i) on the inventors' residence and thus are geographically defined starting from the zip codes; (ii) on the technological content of the invention and can be classified according to the industrial sectors; (iii) on the timing of the innovation over a long time span and therefore are appropriate for a dynamic analysis. For the purpose of our analysis, patent statistics seem particularly suitable, since they are the only available indicator which allows to record the citations of previous innovations. This information is collected for legal reasons, since it limits the property right (and therefore the monopoly power) awarded to patents proponents. In other words, the cited patent represents a previous piece of existing knowledge that is embodied in the new technology.
In the economic literature, citations are used as proxy for the flows of technological information between firms. More specifically, two different applications of citations have been proposed. First, citations made as proxy of "paper trial" for technological spillovers given that when a firm makes a citation of previous patent it recognizes the presence of a knowledge inflow. Second, citations received as an indicator of the significance of the cited patent based on the idea that the more time a patent is cited the higher is its economic value. In the present contribution we focus mainly on the first use of citations, as proxy for knowledge flows which can be geographically identified. It should be noted that when citations received are considered the "inversion" problem may occur (see Hall et al. 2001) . In other words, only previous patents can be cited and therefore the probability that a new patent receives citations is lower. This can create a bias in the distribution of citations received both at sectoral and geographical levels. However, in our empirical analysis we find similar results both for citations made and received, and this is probably due to the fact that we are considering together a long time period (1978-97). 6 From the NBER database we have first selected all patents originated from the European countries. Then, each patent has been attributed to a European region on the basis of the place of residence of the first inventor. The use of the inventor's residence, rather than the proponent's residence, is preferred in order to get a more precise picture of the spatial localisation of each innovation Usai, 2000, Breschi 2000) . 7 Indeed, the residence of the proponent generally corresponds to firms' 6 A detailed analysis of changes in the technological networks which may have happened in different sub-periods is due in future extensions of the research. 7 In this paper we have assigned patents just to the first investor to simplify the handling of this very complex database. In general , for the case a multiple inventors a proportional attribution is preferred (see Moreno, Paci, Usai, 2003). headquarters and therefore it might lead to an underestimation of peripheral regions' innovative activity whenever the invention has been developed in a firm's plant or laboratory located in another area. As far as the territorial split is concerned we have followed the classification provided by EUROSTAT through NUTS (Nomenclature des Unités Territoriales Statistiques) trying to select, in each country, geographical units with a certain degree of administrative and economic control. As a result, we consider 147 sub-national units (which, from now on, we will simply call, regions) which are a combination of NUTS 0, 1 and 2 levels, belonging to 17 countries (15 of the European Union plus Switzerland and Norway) (see Appendix for details). As for the sectoral breakdown, patents are sorted by the USPTO classification which includes over 400 main categories and 120,000 sub-categories. In the analysis of technological flows within Europe we have focused our attention to three industrial sectors (shoes, drugs and computers) which display different levels of technological pace (more on this in section 2.3 below). For each patent the NBER database provides information on the citations to previous patents and therefore on the geographical location and industrial sector of the cited patents. A general overview of the patenting activity and the related citations by the European countries at the USPTO over the whole period 1978-97 is presented in Table 1 . We consider over 350,000 patents, which have generated over 2 millions citations, while 1.3 million are the citations received by the European based patents. The highest quota is shown by Germany (around 40% of the total), followed by France (15%) and UK (14.5%). Other countries with a relevant patenting activity are Switzerland (6.8%) and Italy (6.2), followed by Netherlands (4.7%) and Sweden (4.6%). A very low innovative activity is shown by Portugal, Greece and Luxembourg.
Distribution of citations in three selected sectors
Since our aim is to examine the technological networks represented by the flows of citations, which amount to more than 2 millions, we need first to restrict our investigation to some specific sectors. We have selected three sectors on the basis of their technological characteristics: shoes, drugs and computers. A complete description of the sub-categories included in each sector is reported in the Appendix. The first is a traditional sectors, based on small and medium firms, with a low degree of economy of scale. The rate of technological change is not very fast, but still it is important in specific components (for instance soles or sport shoes); a relevant part of the technology can be considered tacit, embodied in the know how of the labour forces. The second sector, drugs, is a mature industry characterised by a high degree of research and patenting activity. The technology, mainly based on the chemical process of synthesizing new molecules, is quite simple and standard although very expensive and risky. The supply market is highly concentrated, while the production plants of the multinational companies are quite widespread. The third sector, computers, is a highly innovative and growing industry, characterised by a very complex technology which employs a large variety of components. Table 2 shows the distribution of patenting activity and citations among the European countries. For the shoes sector the NBER database includes 880 European patents and almost 6000 citations made. On average there are 6.7 citations for each patent. The highest patenting activity in this traditional sector is displayed by Italy (32%), followed by France (24%) and Germany (19%). In the drugs sector, over the period 1978-97, there are 19,299 patents and more than 76 thousands citations made. The average number of citations is quite low, only 4 per patent, suggesting that the technological process of new drug discovering is quite simple. The most innovative country in this sector is Germany which covers 29% of patenting activity followed by UK (23%). It is interesting to notice that the British inventors tend to cite more than the German ones: the citation -patent ratio being 4.7 and 3.5 respectively. Finally, the computers sector has 2,806 patents and 23,843 citations, which correspond to the highest number of citations per patent (8.5) among the sectors considered. In this case the top country is UK with 26% of patents and 39% of citations originated (which implies again an above the average citation rate: 12.7). In Table 3 the geographical and technological directions of citations flows are considered. The first result to be remarked is the high variability among sectors. Looking at the geographical directions we can see that in the shoes sector more than half of total citations are to other European patents, while only 46% are to patents in the rest of the world. The picture changes when we consider drugs where 54% of citations are to the rest of the world and, above all, computers which record 85% of citations outside Europe. Moreover, a relevant part of citations are made within the same regions, as far as shoes and drugs are concerned (17% and 20% respectively). This outcome suggests the presence of concentration poles in the technological activity within limited areas. The situation is quite different for the case of computers where the within-the-region citations count for only 3% of the total. Other interesting elements come from the analysis of the technological flows where it appears that most of the citation in the shoes sector are made to patents of the same sector (87.7%). This percentage declines significantly for drugs (67%) and computers (56.6%). In the most innovative sectors, the technology is more complex and it is strictly linked to innovations coming from other sectors.
Measures of technological flows in the Social Network Analysis
The main objective of the paper is to propose an experimental analysis of the knowledge flows across the European regions based on the methodology of the Social Network Analysis (SNA) combined with the GIS techniques. The SNA, through quantitative measures of the main characteristics of a network, allows to address crucial aspects of the most recent debate on technological spillovers within a spatial dimension. Among them, the evaluation of the centreperiphery models, the detection of a core of regions characterised by a high degree of in-and out-flows of technology, the role of polarisation regions, the effects of the geographical distance. Moreover, we are interested in investigating the differences across industrial sectors with respect to the features of technological networks and knowledge flows. The idea is that the geographical distance restricts relatively the technological flows in traditional sectors which are characterised by tacit and uncodified knowledge and thus by spatially localised spillovers. Whereas, in high tech sectors the exchange of codified and standardised knowledge can take place even among firms located in remote regions. Therefore, in terms of technological networks, we may expect a higher degree of centralisation in the traditional sector. Technological activity is not uniformly distributed in space; some regions are highly specialised in particular industrial sector and act as polarisation nodes of knowledge flows which affects the entire technological network. To evaluate the role of each region as a junction for the exchange of knowledge among all the other European regions, we first compute a citation square matrix C, where the generic element c ij represents citations made by region i to region j. In each row citations originated by a specific regions are listed; while, along a column, we have citations received by a certain region. Starting from such citation matrices it is possible to compute, for the desired level of sectoral break down, a network with oriented and valued relationships. Once the degree of centralisation of the whole network has been computed, it is interesting to identify the group of regions which constitutes the core of knowledge exchanges and to detect the centre/periphery structure of citations. To this aim we follow the iterative procedure suggested by Borgatti and Everett (2002) for detecting a core/periphery structure without the benefit of an a priori partition.
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The procedure implemented into the computer package UCINET 6 For Windows (Borgatti,et al. 2002 ) is based on a combinatorial optimization technique which allows to find a partition (the core regions) such that the correlation between the data and the pattern matrix induced by the partition is maximized. The range of the centre/periphery fit is 0-1 where high value signals the presence of a core group with a high technology flows. In the following section we apply the methodology of the SNA to the technological flows (proxied by patent citations ) across the European regions for the three sectors selected. 
Technological networks in selected sectors
Shoes
The patenting activity in this traditional sector is spread among 87 regions out of the 147 included in the database. In Map 1 we have represented the geographical distribution of citations originated and received. From a visual inspection it appears a rather concentrated structure of technological flows in the shoes sector. We have also computed the average distance of citations; the European average is 362 km. From Table 4 , where the main indicators for the top 20 most innovative regions are reported, we can see that Veneto in Italy displays the highest number of patents (229) and citations made (682) and received (623). In this region are located highly specialised industrial districts (Verona for the traditional shoes and Montebelluna for the sport ones). Firms located in Veneto make use of knowledge coming from other 31 regions in Europe and, at the same time, 22 regions cite innovations developed in Veneto. Among other top innovative regions are Rhone Alpes (467 citations made and 16 regions cited) and Ile de France (174 citations made and 19 regions cited). It is interesting to remark that some regions show a higher capacity to attracts citations with respect to their number of patents and citations made (for instance, Ile de France and Bayern). This result can be interpreted as signal of a higher significance and value of patenting activities in these areas. In Table 4 are also reported measures for the entire network. More specifically, Freeman's general centralisation index is equal to 0.32 and 0.31 for citations made and received, respectively. This value is significantly different from zero and it suggests the presence of a centralised pattern in the distribution of citations. The existence of a spatially concentrated structure in the knowledge flows is confirmed by the core / periphery fit (0.90). Three regions (Veneto in Italy and the French regions Rhone Alpes and Ile de France) turn out to represent the core of the technological network in the shoes sector. These regions, which receive 62% of total citations, act as attraction nodes for the exchange of knowledge among the whole network. A significant picture of the knowledge linkages in the shoes sector across the European regions is presented in Map. 2. The role of the three core regions as polarisation nodes in the technological network is emphasized.
Drugs
This sector is characterised by an intensive patenting activity, quite dispersed across 117 European regions (see Map 3). Patents and citations are very high, compared to other sectors, while the number of citations per patent tends to be low. The average distance of citations is relatively low, (341 km) probably because a large part of total citations are concentrated within the core regions. From Table 5 we can see that the region with the highest technological activity is South East in UK with 2,791 patents, 4,685 citations made and 3,544 received. Among other top performers we find again Ile de France, followed by three German regions (Nordrehin-Westfalen, Hessen and Baden Werttemberg), one Swiss (Nordwestschweizn) and one Italian (Lombardia). It is interesting to notice that the exchange of knowledge involves several regions: for instance patents in South East cite innovations made in 71 regions and are cited by other 74 regions. Similar high value are detected for other highly innovative regions. To examine the features of the whole network, Table 5 reports also Freeman's general centralisation index which is equal to 0.16 for both citations made and received. This value is lower compared to the shoes sector and this result indicates the presence of a less centralised pattern in the distribution of knowledge flows. As a matter of fact in the drugs industry we find that six regions constitute the core of the technological network: Ile de France (FR), South East (UK), Hessen, Baden Werttemberg and Nordrhein-Westfalen (DE), Nordwestschweiz (CH). The core regions make up 54% of total citations received. The existence of a spatially concentrated structure in the knowledge flows is however confirmed by looking at the core / periphery fit (0.90). The role of the core regions as attraction nodes for the exchange of knowledge among the whole network is shown by Map 4 where the graph is plotted over the European regional map. The density of the technological network around the core regions appears very high, but it is also evident the involvement of a large number of regions in the production and exchange of new knowledge.
Computers
The last sector we analyse is the computers industry, which can be considered as one of the most innovative sector. As we have already seen in section 2, most of citations in this sector are directed (or come from) the United States. Therefore we must be particularly careful in interpreting the results, since we are now limiting our analysis to the knowledge exchanges between the European regions, which are only a small fraction of the total citations flows. The technological network includes 84 regions out of 147 and it appears geographically dispersed due to the presence of the Scandinavian area in the top performers (see Map 5). The average distance of the citations is 500 km, the highest value among the sectors considered. In Table 6 the list of the top 20 regions for innovative activity is reported. It is interesting to notice that South West in UK is the region with the highest number of citation made (449) but it shows relatively low values in term citation received (81) and patent (107). A specific research is required to understand why this region has such an abnormal degree of citation made per patent. Among the other regions, South East in UK has the highest number of patents (368) and also shows the highest degree of centrality since it is linked to several other regions: 47 as cited regions and 42 as citing regions. The highest number of citations received is shown by Ile de France signalling the great value of the innovative activity performed in this region. Let us now turn the attention to the analysis of the whole technological network. Freeman's general centralisation index is equal to 0.13 and 0.16 for citations made and received, respectively (see last rows in Table 6 ). This value is quite low and implies that the exchange of knowledge in the computer industry is quite diffuse among the European regions considered. The core / periphery fit (0.67) confirms the relatively decentralised structure of knowledge flows in this sector. Three regions appear to constitute the core of the technological network: South West and South East in UK and Ile de France (FR). These regions receive only 33% of total citations and this reinforces the idea that the computer sector has a quite decentralised structure as it can also be perceived in the geographical representation of the technological network in Map 6.
Concluding remarks
In this paper we present new evidence on the characteristics of knowledge spillovers across the European regions based on a database on patents citations developed at the NBER which refers to patents granted by the US patent office over the period [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] . From the NBER database we have first selected all patents originated from the European countries. Then, each patent has been attributed to a European region on the basis of the place of residence of the first inventor. We consider over 350,000 patents, which have generated over 1.3 million citations to European based patents. Since our aim is to examine the technological networks represented by the flows of citations, due to the enormous amount of citations available, we have restricted our analysis to three sectors chosen for their technological characteristics: shoes, drugs and computers. A first interesting result to be remarked is the high variability among sectors when the geographical directions of citations flows are considered. In the traditional shoes sector more than half of total citations are made to other European patents, while in the computers industry a large majority of citations are outside Europe. Moreover, as far as shoes and drugs are concerned a relevant part of citations are made within the same regions signalling the presence of concentration poles in the technological activity within limited areas. Other interesting elements come from the analysis of the exchange of technological information across sectors. In the most innovative sectors (drugs and computers) the technology is more complex and it is highly connected to innovations coming from other sectors, while in the traditional sector the intra industry citations are prevalent. In order to asses both the spatial and network characteristics of these knowledge flows we have tried to combine methodological instruments developed within the Social Network Analysis and the Geographical Information Systems. Through the SNA we are able to identify, for each sector, a group of regions which act as junctions for the exchange of knowledge in the entire technological network. Moreover this methodology allows to evaluate the degree of polarisation of knowledge flows and thus the existence of a centre-periphery structure in the technological network. For the three sectors considered we have identified the core regions which function as attraction nodes for the exchange of knowledge among the whole network. For the shoes sector three regions (Veneto in Italy and Rhone Alpes and Ile de France in France) which receive 62% of total citations. In the drugs industry six regions (Ile de France (FR), South East (UK), Hessen, Baden Werttemberg and Nordrhein-Westfalen (DE), Nordwestschweiz (CH)) which make up 54% of total citations. Finally, for the computers sector three regions represent the core of the technological network (South West and South East in UK and Ile de France (FR)) but receive only 33% of total citations. It is also interesting to notice that the average distance of citations increases with the technological scope of the industry: in our empirical analysis it reaches the highest value in the high tech computers industry. Our results confirm the existence of significant differences across industrial sectors with respect to the patterns of technological networks and knowledge flows. More specifically, on the basis of Freeman's general centralisation index and the core / periphery fit, we have revealed that in the traditional sectors technological flows are relatively more spatially bounded and the degree of polarisation of the innovative networks is higher. On the other extreme, the computers industry shows the lower degree of spatial concentrations: the knowledge exchanges can spill over longer distances because they are codified and thus less restricted to the local environment. These outcomes need to be confirmed by future research, in particular through the extensions of the analysis to other industrial sectors. Moreover, it may be interesting to see if the results are robust to the employment of different data such as citations of patents granted by the European Patent Office (EPO) which are expected to be less biased with respect to foreign citations. 
